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Ethylene (ET) is a signaling molecule that coordinates responses to a multitude of biotic and abiotic stresses in plants. This is a review of recent
advances in our understanding of the regulation of ET biosynthesis, perception, signal transduction, and the cross-talk between the transduction
pathways of ET and other signaling molecules such as jasmonates, salicylic acid and abscisic acid in plant defense against biotic and abiotic
stresses.
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The simple hydrocarbon ethylene (C2H2) is an endogenous
regulator of stress responses and developmental processes in
higher plants (Wang et al., 2002). This gaseous hormone is well
known for its participation in physiological processes as diverse
as fruit ripening, senescence, abscission, seed germination, cell
elongation, sex determination, nodulation and determination of
cell fate (Adams-Phillips et al., 2004; Alonso and Stepanova,
2004; Chen et al., 2005; Wagstaff et al., 2005). It is also an
important stress signal molecule. Adverse biotic or abiotic stim-
uli usually lead to ethylene synthesis. This ethylene, in turn,
slows down plant growth until the stress is removed. At the level
of gene expression, ethylene induces transcription of many
genes in response to a multitude of environmental and devel-
opmental stimuli. To understand the roles of ethylene in plant
functions, it is important to know how this gaseous hormone is
synthesized, how its production is regulated, and how the signal
is transduced.
Furthermore, for most of these stress situations, the precise
plant response is not activated only by ET but is the result of a
network of interactions between different signaling pathways.
There are several examples of cross-talk between the pathways
of ET and other signaling molecules, such as jasmonates (JAs),
salicylic acid (SA) and abscisic acid (ABA). Understanding the⁎ Corresponding author.
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cidate how plants activate the correct set of responses to a
particular stress. The first task to achieve this goal is to identify
the molecular components of signaling pathways, mainly those
implicated in the cross-talk regulation.
1.1. The biosynthesis of ET
The general pathway for ET biosynthesis and regulation is
presented in Fig. 1. S-AdoMet is the precursor for ethylene
biosynthesis, which is the major methyl donor in plants and is
used as a substrate for many biochemical pathways. The first
committed step of ethylene biosynthesis is the conversion of S-
AdoMet to 1-aminocyclopropane-1-carboxylic acid (ACC) by
ACC synthase (1-aminocyclopropane-1-carboxylic acid
synthase, ACS). ACC is then oxidized by ACC oxidase (1-
aminocyclopropane-1-carboxylic acid oxidase, ACO) to form
ethylene. The rate-limiting step of ethylene biosynthesis is the
conversion of S-AdoMet to ACC byACS, which is encoded by a
multigene family. Phosphorylation of ACS2 and ACS6 by
MPK6 (Mitogen-activated protein kinases 6) leads to the
accumulation of ACS protein and, thus, elevated levels of cel-
lular ACS activity and ethylene production (Liu and Zhang,
2004). Recent studies of another isoform called ACS5 have
revealed a similar mechanism of regulation whereby, like ACS6,
this ACS isoform is also constitutively targeted for turnover in
the absence of the stimulus, ETO1(ethylene-overproducing 1),
in a gene that negatively regulates ACS activity and ethylenets reserved.
Fig. 1. Ethylene biosynthesis and signal transduction.
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hibits the enzyme activity of full-length ACS5 but not of a
truncated form of the enzyme, resulting in a marked accumu-
lation of ACS5 protein and ethylene. ETO1 also interacts with
CUL3 (Cullin-dependent ubiquitin ligase 3), a constituent of
ubiquitin ligase complexes, in which it is proposed that ETO1
serves as a substrate-specific adaptor protein. ETO1 thus has a
dual mechanism, inhibiting ACS enzyme activity and targeting it
for protein degradation. Therefore, this permits rapidmodulation
of the concentration of ethylene (Wang et al., 2004).1.2. ET-mediated stress signaling pathway
Ethylene is a gaseous plant hormone involved in respon-
siveness to stress and pathogen attack (Alonso and Stepanova,
2004). Over the past decade, a combination of genetic, bio-
chemical, and molecular approaches of the Arabidopsismutants
have defined a largely linear ethylene response pathway leading
from hormone perception at the membrane to transcriptional
regulation in the nucleus. Briefly, ethylene is perceived by a
family of membrane-associated receptors, including ETR1/
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ERS2 (Ethylene response sensor 1,2) and EIN4 (Ethylene
insensitive 4) in Arabidopsis (Hua and Meyerowitz, 1998).
Ethylene binds to its receptors via a copper co-factor, which is
probably delivered by the copper transporter RAN1 (Respon-
sive to antagonist 1), (Rodriguez et al., 1999). Genetic studies
predict that hormone binding results in the inactivation of the
receptor function. In the absence of ethylene, therefore, the
receptors are hypothesized to be in a functionally active form
that constitutively activates a Raf-like serine/threonine (Ser/
Thr) kinase via physical interaction, CTR1 (Constitutive triple
response 1), which is also a negative regulator of the pathway
(Huang et al., 2003; Gao et al., 2003). CTR1 may function
through unidentified MAPKK(s) (Mitogen-activated protein
kinase) and MAPK(s) (Mitogen-activated protein kinase)
(Ouaked et al., 2003). EIN2, EIN3, EIN5 and EIN6 are positive
regulators of ethylene responses, acting downstream of CTR1
and MAPK(s). EIN2 is an integral membrane protein whose
function is not understood. EIN5 and EIN6 have not yet been
characterized at the molecular level. The nuclear protein EIN3 is
a transcription factor that regulates the expression of its im-
mediate target genes such as ETHYLENE-RESPONSE FACTOR
1 (ERF1), (Chao et al., 1997; Solano et al., 1998). ERF1
belongs to a large family of APETALA2-domain-containing
transcription factors that bind to a GCC-box present in the
promoters of many ethylene-inducible, defense-related genes.
Thus, a transcriptional cascade that is mediated by EIN3/EIN3-
like (EIL) and ERF proteins leads to the regulation of ethylene-
controlled gene expression. In the absence of ethylene, EIN3
protein is targeted for degradation by an SCF (Skp1/Cullin/F-
box) complex containing one of the two F-box proteins, EBF1
(EIN3-binding F-box protein 1) and EBF2. In the presence of
ethylene, EIN3 accumulates in the nucleus and activates gene
expression, which eventually leads to ethylene-induced
responses and resistance to stress (Potuschak et al., 2003; Guo
and Ecker, 2003; Gagne et al., 2004). Ethylene-responsive
element-binding proteins (EREBPs) have novel DNA-binding
domains (ERF domains), which are widely conserved in plants,
and interact specifically with sequences containing AGCCGCC
motifs (GCC box). Deletion experiments show that some
flanking region at the N terminus of the conserved 59-amino
acid ERF domain is required for stable binding to the GCC box.
Three ERF domain-containing fragments of EREBP2 (Ethylene
response element-binding protein 2), EREBP4, and AtERF1
(Arabidopsis thaliana Ethylene-responsive element binding
factor 1) to AtERF5 from tobacco and Arabidopsis bind to the
sequence containing the GCC box with a high binding affinity
in the pm range. The high affinity binding is conferred by a
monomeric ERF domain fragment, and DNA truncation ex-
periments show that only 11-base pair DNA containing the
GCC box is sufficient for stable ERF domain interaction. Sys-
tematic DNA mutation analyses demonstrate that the specific
amino acid contacts are confined within the 6-base pair
GCCGCC region of the GCC box, and the first G, the fourth
G, and the sixth C exhibit highest binding specificity common
in all three ERF domain-containing fragments studied. Other
bases within the GCC box exhibit modulated binding specificityvarying from protein to protein, implying that these positions
are important for differential binding by different EREBPs. The
conserved N-terminal half is likely responsible for formation of
a stable complex with the GCC box and the divergent C-ter-
minal half for modulating the specificity (Hao et al., 1998;
Fujimoto et al., 2000).
1.3. The cross-talk between ET-mediated and other
molecule-mediated stress signaling pathways
The ET and JA pathways interact with each other, co-regu-
lating expression of some genes involved in plant defense such
as PDF1.2 (Plant Defensin 1.2), CHIB (chitinase B). Genetic
evidence indicates that cev1 (constitutive expression of VSP1)
phenotype requires both COI1, an essential component of the
JA signal pathway, and ETR1, which encodes the ethylene
receptor. It is concluded that cev1 stimulates both the JA and the
ET signal pathways and that cev1 regulates an early step in an
Arabidopsis defense pathway (Ellis and Turner, 2001). The
molecular mechanism that underlies the cross-talk between the
ETand JA signaling pathways is the transcriptional activation of
ETHYLENE-RESPONSE FACTOR 1 (ERF1), which encodes
a transcription factor that regulates the expression of pathogen
response genes that prevent disease progression. ERF1 acts
downstream of the interaction between ET and JA signaling
pathways and the transcription factor is a key element in the
integration of both signals for the regulation of defense response
genes (Lorenzo et al., 2003). Other studies provide evidence for
antagonistic interactions between the ET and JA signaling
pathways. In damaged tissues, oligosaccharides induce the
expression of a specific set of wound-responsive genes while
repressing jasmonic acid-responsive genes that are activated in
the systemic tissues. The oligosaccharide-mediated repression
of the jasmonic acid-dependent signaling pathway is exerted
through the production and perception of ethylene in the locally
damaged tissue. This cross-talk between separate wound
signaling pathways thus allows the set up of different responses
in the damaged and the systemic tissues of plants reacting to
injury (Rojo et al., 1999). ET and JA also have opposite effects
on ozone-induced spreading cell death. The underlying
mechanisms with the O3-sensitive, JA-insensitive jasmonate
resistant 1(JAR1), and the O3-tolerant, ET-insensitive ethylene
insensitive 2(EIN2) mutants were studied (Hannele et al., 2004).
Blocking ET perception chemically with norbornadiene (NBD)
in JAR1, or ET signaling genetically in the JAR1 EIN2 double
mutant delayed the spread of cell death. The result suggests that
EIN2 function is epistatic to JAR1, and that the JAR1-
dependent JA pathway halts oxidative cell death by directly
inhibiting ET signaling. JAR1-dependent suppression of the ET
pathway was apparent also as increased EIN2-dependent gene
expression and ET hypersensitivity of JAR1. Physiological
experiments suggest that the target of JA is upstream of
Constitutive Triple Response 1 (CTR1), but downstream of ET
biosynthesis. Gene expression analysis of 1-aminocyclopro-
pane-1-carboxylic acid (ACC)-treated and O3-exposed EIN2
and JAR1 revealed reciprocal antagonism: the EIN2-mediated
suppression of the JA pathway. The results imply that the O3-
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cumulation of ET, which can suppress the protecting function of
JA thereby allowing cell death to proceed. Extended spreading
cell death induces late accumulation of JA, which inhibits the
propagation of cell death through inhibition of the ET pathway.
The molecular mechanism for the ET-mediated suppression of
the JA pathway is not known. It is possible that ET and JA
signal pathway share common regulatory factors and they
compete for binding to the same target promoters. For example,
a common cis-element has been found in the promoter of an
ETHYLENE RESPONSIVE ELEMENT BINDING PRO-
TEIN/APETALA2 (EREBP/AP2)-family transcription factor
that relays both ET and JA signaling. In addition, Mitogen
activated protein (MAP) kinase cascades have been implicated
in both ET and JA signaling, and it is possible that these
cascades impinge on each other or share common elements
resulting in the observed antagonism between the pathways. It is
also possible that the target for the antagonistic function is the
same for both ET and JA, i.e. possibly the ET receptor(s), and
the balance between the two signaling molecules determines the
separate sets of genes expression.
Limited data suggests both positive and negative regulatory
interactions between the ETand SA signaling pathways. Results
from the microarray experiment mentioned previously suggest
that SA and ET may function together to coordinately induce
several defense-related genes in Arabidopsis (Schenk et al.,
2000). The genetic data also suggests that the ET signaling
pathway negatively affects SA-dependent responses as well: the
basal level of PR-1 (Pathogenesis-related) mRNA appears to be
significantly elevated in EIN2 plants (Lawton et al., 1994). A
positive co-operation between ET and SA pathways was ob-
served in the plant response to Plectosphaerella cucumerina.
Infection of tomato by Pseudomonas syringae DC3000, how-Fig. 2. The cross-talk between ET-mediated and otheever, does not affect ETHYLENE-RESPONSE FACTOR 1
(ERF1) expression, and activation of ethylene responses by
ERF1 overexpression in Arabidopsis plants reduces tolerance
against this pathogen, suggesting negative cross-talk between
ET and SA signaling pathways, and demonstrating that both
positive and negative interactions between the two pathways
can be established depending on the type of pathogen (Berrocal-
Lobo et al., 2002).
The plant hormones abscisic acid (ABA), jasmonic acid
(JA), and ethylene are involved in diverse plant processes,
including the regulation of gene expression during adaptive
responses to abiotic and biotic stresses. Recent studies show that
exogenous ABA suppresses both basal and JA-ethylene-
activated transcription of defense genes. By contrast, ABA
deficiency as conditioned by the mutations in the ABA1 and
ABA2 genes, which encode enzymes involved in ABA bio-
ynthesis, resulted in upregulation of basal and induced tran-
scription of JA-ethylene responsive defense genes. Secondly, it
was found that disruption of AtMYC2 (allelic to JASMONATE
INSENSITIVE 1, JIN1), encoding a basic helix-loop-helix Leu
zipper transcription factor, which is a positive regulator of ABA
signaling, results in elevated levels of basal and activated
transcription JA-ethylene responsive defense genes. Further-
more, the JIN1/MYC2 and ABA2-1 mutants showed increased
resistance to the necrotrophic fungal pathogen Fusarium
oxysporum. So the results indicate that the antagonistic inter-
actions between multiple components of ABA and the JA-
ethylene signaling pathways modulate defense and stress re-
sponsive gene expression in response to biotic and abiotic
stresses (Anderson et al., 2004). The expression of AtERF4 can
be induced by ethylene, jasmonic acid, and abscisic acid
(ABA). By using green fluorescent protein fusion, AtEFR4 was
seen to accumulate in the nuclear bodies of Arabidopsis cells.r molecule-mediated stress signaling pathways.
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plants conferred an ethylene-insensitive phenotype and re-
pressed the expression of Basic Chitinase and beta-1, 3-
Glucanase, the GCC-box-containing genes. In comparison with
wild-type plants, 35S:AtERF4-GFP transgenic plants had de-
creased sensitivity to ABA and were hypersensitive to sodium
chloride. The expression of the ABA responsive genes, ABI2
(ABA-insensitive 2), RD29B(Responsive to Desiccation 29B)
and RAB18(Responsive to ABA 18), was decreased in the 35S:
AtERF4-GFP transgenic plants. These studies provide evidence
that AtERF4 is a negative regulator capable of modulating
ethylene and abscisic acid responses (Yang et al., 2005). So,
there appear to be considerable interactions between ET and
other signalling pathways in regulating resistance to stresses of
plants (Fig. 2).
2. Conclusions and future directions
The ET signaling pathway regulates diverse responses to all
kinds of stresses. The biochemistry of ET synthesis is relatively
well understood, and future work may pay more attention to the
regulation of the synthesis. Despite our current understanding of
the mechanisms of ethylene perception and signal transduction,
many questions remain to be answered. Furthermore, the mech-
anisms that control each of these critical signal molecules, such
as ET, SA, JAs and ABA interactions, are largely unknown. An
important challenge is to begin to integrate these different stress
signaling pathways, identifying their points of intersection and
determining what ‘cross-talk’ means at the biochemical and
molecular level.
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